Introduction N on-alcoholic steatohepatitis (NASH) is defined as hepatic steatosis with inflammation and hepatocyte injury in the form of ballooning degeneration in the absence of other know causes of secondary hepatic fat accumulation such as significant alcohol consumption, use of steatogenic medication or hereditary disorders.
(1) NASH eventually leads to liver cirrhosis and hepatocellular carcinoma, however, there is no established pharmacotherapy to prevent disease progression. (2, 3) Currently, the prevalence of NASH is increasing in Japan, and lifestyle westernization characterized by increased intake of transfatty acids and fructose may contribute to this risk. (4) (5) (6) Trans-fatty acids are unsaturated fatty acids with at least one double bond in the trans configuration, and hydrogenated oils such as margarine and shortening made from vegetable oils contain 1-2% trans-fatty acid.
(7) Intake of trans-fatty acids is known as a potent risk factor for coronary heart disease. (7, 8) Recently, some animal-based studies have suggested that excess consumption of trans-fatty acid increases the risk of NASH. (9, 10) Endoplasmic reticulum (ER) stress is a cellular stress caused by the accumulation of unfolded proteins in the ER, and the response to this stress is called the unfolded protein response (UPR). This response includes the induction of several molecular chaperones to restore cellular homeostasis; however, if the protein load continues to exceed the folding capacity of the ER, cells tend to undergo apoptosis. (11) Several recent studies have suggested that ER stress is involved in NASH pathogenesis.
(12,13) Sodium 4-phenylbutyric acid (PBA) is a salt of an aromatic fatty acid and one of several reagents known as chemical chaperones based on their ability to reduce protein misfolding. PBA has been used for treatment of urea cycle disorders, sickle cell disease, and thalassemia. (14, 15) It has also been shown that PBA protects against liver ischemia-reperfusion injury by inhibiting ER stress in animal models, (16) however, the effect of PBA on trans-fatty acid intakerelated steatohepatitis has not been demonstrated.
KK-A y mice are a strain derived from crossing the diabetic KK mouse with the lethal yellow (A y ) mouse, which carries a mutation of the agouti gene on chromosome 2.
(17) KK-A y mice exhibit phenotypes including obesity, dyslipidemia and insulin resistance and develop mild steatohepatitis spontaneously; thus this animal is potentially useful as a model of metabolic syndrome-related steatohepatitis. Indeed, we have reported that KK-A y mice exhibit increased susceptibility to methionine-and choline-deficiency diet-induced steatohepatitis and acetaminophen-induced liver injury. (17, 18) We also reported that KK-A y mice exhibit proportional and functional alterations in hepatic NKT cells and disability in liver regeneration after partial hepatectomy. (19, 20) We therefore examined the impact of trans-fatty acid intake on hepatic steatosis and injury in KK-A y mice focusing on ER stress, and evaluated the effect of treatment with PBA on pathogenesis. Additionally, we confirmed the direct effect of PBA on primary cultured hepatocytes exposed to trans-fatty acid.
Material and Methods
Materials. Oleic acid (OA), elaidic acid (EA), fructose, PBA and tert-butyl hydroperoxide (tert-BuOOH), were purchased from Sigma Aldrich (St. Louis, MO). AIN-93G diet was purchased from CLEA Japan (Tokyo, Japan). Anti-4-hydroxy-2-nonenal (4-HNE) antibody was purchased from the Japan Institute for the Control of Aging, Nikken SEIL Co., Ltd. (Shizuoka, Japan). Secondary biotinylated antimouse IgG, anti-c-Jun N-terminal kinase (JNK) antibody, anti-eukaryotic initiation factor 2α (eIF2α) antibody, anti-phosphorylated eIF2α antibody, anti-glucose-regulated protein 78 (GRP78) antibody, anti-glyceraldehyde 3-phosphate dehydro-N genase (GAPDH) antibody, and anti-horseradish peroxidaseconjugated IgG antibody were purchased from Cell Signaling Technology Inc. (Danvers, MA). Anti-M30 CytoDeath monoclonal antibody was purchased from Roche Diagnostics (Basel, Switzerland). Protease inhibitors cocktail (Complete Mini) was purchased from Roche Diagnostics. Other reagents were purchased from Sigma Aldrich unless otherwise specified.
Animals and experimental design. The experimental protocols were approved by the Committee of Laboratory Animals according to institutional guidelines. KK-A y and C57Bl/6 mice were purchased from CLEA Japan. Mice were housed in airconditioned, specific pathogen-free animal quarters with lighting from 08:00 to 20:00 and were given unrestricted access to a standard laboratory chow and water throughout this study.
After acclimation, 8 week-old male KK-A y mice were fed AIN-93G diet containing 4% (w/w) dextran as control, 2% (w/w) OA (C18:1 cis-fatty acid) or 2% (w/w) EA (C18:1 trans-fatty acid) for 4 weeks. Some of the mice in each diet group were also given 4% (w/v) fructose in their drinking water during the same period, and some mice in the EA diet/fructose water group were treated with PBA (120 mg/kg/day) via intraperitoneal infusion. After 4 weeks, mice were sacrificed by exsanguination from the inferior vena cava, and liver and serum samples were obtained.
Serum transaminase levels. The levels of serum alanine aminotransferase (ALT) activity were measured colorimetrically and determined with a Fuji DRI-CHEM system (Fuji, Japan).
Histological analysis and Immunohistochemistry.
For histological evaluations, liver tissues were fixed in 10% buffered formalin and embedded in paraffin, and Hematoxylin-Eosin (H-E) staining was performed. Hepatic lipid accumulation was measured morphometrically.
The expression and localization of tissue 4-HNE in the liver was detected by immunohistochemical staining as previously described elsewhere. (18) Briefly, deparaffinized tissue sections were incubated with a monoclonal anti-4-HNE antibody and secondary biotinylated antimouse IgG, and the specific binding was visualized with the abidin-biotin complex solution followed by incubation with a 3,3-diaminobenzidine tetrahydrochloride solution using Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). Specimens for histology and immunohistochemistry were observed under an optical microscope (PH-2; Olympus, Tokyo, Japan) equipped with a digital microscope camera (VB6000; Keyence, Osaka, Japan).
The M30 cytodeath assay, which stains a caspase cleavage product of cytokeratin (ccCK) 18, was performed following the manufacturer's instructions. Briefly, deparaffinized tissue sections were incubated with a monoclonal anti-M30 antibody and secondary biotinylated antimouse IgG, and specific binding was visualized as above.
Primary cultured hepatocytes. Hepatocytes were isolated from overnight-fasted male C57Bl/6 mice at 8 to 12 weeks of age via collagenase perfusion through the inferior vena cava, as previously described. (18) Hepatocytes were resuspended in Waymouth's medium MB752/1 containing 2 mM L-glutamine, 10% fetal calf serum, 100 nM insulin, 100 nM dexamethasone, 100 units/ml penicillin, and 100 μg/ml streptomycin. Cell viability was greater than 90%, as determined via trypan blue exclusion. Hepatocytes were plated in 24-well microtiter collagen-coated plates (1.5 × 10 5 cells per well) or 60 mm collagen-coated dishes (4.5 × 10 5 cells per dish, Cosmo Bio, Tokyo, Japan). Hepatocytes were incubated for 2 h in humidified 5% CO 2 , 95% air at 37°C for attachment of hepatocytes to plates. Hepatocytes were then incubated with 1 mM EA or OA for 6 h, allowing lipid droplets to accumulate within the hepatocytes. Subsequently, PBA dissolved in demineralized water, pH 7.4, was added to a final concentration of 3 mM and the cells were incubated overnight.
Fluorometric assay of cell viability. After overnight attachment to 24-well plates, hepatocytes were washed once and the medium was changed with Krebs-Ringer-HEPES buffer containing 115 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25 mM HEPES (pH 7.4), and 30 μM propidium iodide (PI). Next, 20 μM tert-BuOOH was added to exert oxidative stress on the hepatocytes as previously described. (18) Fluorescence was measured using a multiwall fluorescence plate reader (Fluoroskan Ascent, Thermo Fisher Scientific, Waltham, MA). Cell death assessed by PI fluorometry correlates closely with trypan blue exclusion and enzyme release as an indicator of oncotic necrosis.
Western blot analysis. Protein extracts were obtained by homogenizing frozen tissues in a buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, and protease inhibitors (Complete Mini) followed by centrifugation at 17,400 g for 15 min, and the protein concentration was determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). Five micrograms of protein was electrophoresed in 12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gels and electrophoretically transferred onto polyvinylidene fluoride membranes. After blocking with 5% nonfat dry milk in Tris-buffered saline, membranes were incubated with primary antibody against JNK (1:500), phosphorylated JNK (1:500), eIF2α (anti-rabbit polyclonal, 1:500), phosphorylated eIF2α (anti-rabbit polyclonal, 1:500) GRP78 (anti-rabbit monoclonal, 1:1,000) or GAPDH (1:1,000) followed by a secondary horseradish peroxidase-conjugated anti-rabbit IgG antibody. Subsequently, specific bands were visualized using the ECL plime detection kit and detected using a LAS3000 (Fuji Film, Japan).
Statistical analysis. Morphometric and densitometric analyses were performed using Scion Image (ver. Beta 4.0.2, Scion Corp., Fredrick, MD). Data were expressed as means ± SEM. Statistical differences between means were determined using one way analysis of variance (ANOVA) or Kruskal-Wallis ANOVA on ranks followed by an all pairwise multiple comparison procedure (Student-Newman-Keuls Method) as appropriate. P<0.05 was selected before the study to reflect significance. 
Results
EA potentiates the toxicity of low-dose fructose. First, to evaluate the toxicity of trans-fatty acid alone on liver tissue in vivo, OA or EA-supplemented diets were given to KK-A y mice for 4 weeks. EA-supplemented diets alone caused minimal hepatic micro vesicular steatosis, but not definitive liver injury. OAsupplemented diets induced no pathological changes. Serological measurements indicated no significant elevation in serum ALT levels in either group (Fig. 1) .
Next, fructose was added to the drinking water at a concentration of 4% in conjunction with the OA-/EA-supplemented diets to evaluate the effect of OA/EA on susceptibility of liver to secondary stress. It has been well documented in prior animal models that high-fructose intake causes liver injury with steatosis, (21, 22) so fructose solution at a non-hazardous dose of 4% was given to mice. The intake of low dose fructose tended to increase fatty accumulation, and fructose in conjunction with EA additively increased it, reaching a significant difference compared with control (Fig. 2) . Hepatocytes undergoing apoptosis were detected by immunohistological staining for ccCK18, and death of hepatocytes increased as quantitatively evaluated by serum ALT levels. Whereas 4% fructose alone did not affect ccCK18 positive cells or serum ALT elevation, the combination of 4% fructose plus EA markedly increased the percentage of ccCK18-positive cells in liver to 35.2 ± 3.8%, an increase of over 7-fold compared with fructose alone (p<0.05). In contrast, 4% fructose in conjunction with OA did not increase ccCK18-positive cells. The treatment with PBA significantly decreased fructose plus EA-induced ccCK 18-positive cells to 7.2 ± 2.9% (p<0.05). Serum ALT levels were also significantly elevated in EA plus fructose-fed mice, and this elevation was significantly reduced by PBA (Fig. 3, p<0.05 ).
PBA reduces oxidative stress and ER stress caused by EA plus fructose. Immunohistological staining of 4-HNE revealed that intake of 4% fructose solution significantly increased the proportion of 4-HNE-positive staining cells by itself from 6.7 ± 1.1% to 14.1 ± 0.8% (Fig. 4, p<0.05) , and induced a much higher proportion of positive cells when given together with EA, rising to 34.0 ± 1.5% (p<0.05 vs fructose alone). Treatment with PBA significantly reduced the increment attributable to EA plus fructose, lowering 4-HNE-positive cells to 8.4 ± 0.6%.
To evaluate ER stress in liver tissue, ER stress-related proteins were measured by western blotting. EA plus fructose significantly increased expression of GRP78 to one-and-a-half times that of control (p<0.05), phosphorylation of eIF2α to over twice that of other groups (p<0.05) and significantly induced phosphorylation of JNK (p<0.05). PBA significantly counteracted these changes caused by EA plus fructose (Fig. 5, p<0.05) . PBA prevents EA enhanced susceptibility to oxidative stress in primary cultured hepatocytes. We next evaluated the direct effect of EA on ER stress using primary cultured hepatocytes. When control cells or cells preincubated with OA were exposed to 20 μM tert-BuOOH, significant cell killing did not occur until 40 min had passed. However, when cells preincubated with EA were exposed to tert-BuOOH, significant cell killing was evident by 30 min and rose to 51.5 ± 1.9% by 40 min of exposure to tert-BuOOH (p<0.05). Treatment with PBA ameliorated cell killing significantly, reducing it to 32.0% ± 3.4% after 40 min of tert-BuOOH exposure (Fig. 6, p<0.05) . Western blotting showed that EA induced expression of GRP78 and phosphorylation of eIF2α, and treatment with PBA significantly reduced both effects (Fig. 7, p<0.05) . In contrast, exposure to OA did not increase expression of GRP78 or phosphorylation of eIF2α.
Discussion
In the present study, EA-supplemented diet alone caused trivial steatosis but not detectable cell death (Fig. 1) . EA-supplemented diet in conjunction with 4% fructose additively increased fatty accumulation (Fig. 2) , whereas surprisingly, the combination diet induced massive hepatocyte apoptosis (Fig. 3) . Immunohistological staining for 4-HNE revealed that the combination diet drastically increased oxidative stress (Fig. 4) . Fructose alone at low concentration caused significant oxidative stress in hepatocytes but not apoptosis, so that the massive apoptosis observed with EA and fructose in combination must be attributed to enhanced susceptibility conferred by EA to the secondary oxidative stress induced by fructose. This effect was specific to the trans-fatty acid because the OA-supplemented diet with fructose did not cause hepatic apoptosis. This striking effect of trans-fatty acid was also shown in vitro. Preincubation of primary cultured hepatocytes with EA significantly increased susceptibility to a non-lethal dose of tert-BuOOH in comparison to preincubation with OA (Fig. 6) . Increased susceptibility to secondary stress has been proposed as a key event in development of NASH. (23) Additionally, we investigated the involvement of the UPR pathway. UPR responses occur in response to ER stress, and are therefore considered to be ER stress markers. In the unstressed state, GRP78 is bound to the ER lumenal domains of several stress sensors. Upon ER stress, GRP78 binds to unfolded proteins, causing it to dissociate from ER stress sensors and allow downstream activation of the UPR. (24, 25) The UPR induces the expression of several genes that ameliorate the stressed state, thus activation of GRP78 triggers responses to alleviate ER stress. (26) EIF2α is located downstream of protein kinase RNA-like ER kinase, which is one of the ER lumenal domains, and decreases the ER protein load by attenuating general translation in order to prevent the generation of further ER stress. (27) JNK is known as stress-activated protein kinase, and is related to several signaling pathways including ER stress-related cell death. (28) JNK can phosphorylate and activate proapoptotic B-cell CLL/lymphoma 2 family proteins and inactivate anti-apoptotic proteins. Sustained ER stress induces apoptotic cell death via activation of JNK. (29, 30) Puri et al. (31) have reported that the phosphorylations of eIF2α and JNK are observed in the biopsy specimens of NASH patients. Our findings demonstrated that EA plus fructose caused expression of GRP78 and activated downstream UPR pathways. Moreover, this combination induced the ER stress-related apoptosis via JNK activation. So we see strong points of common- ality between the mechanism of steatohepatitis in our model and the ER stress pathway observed in human NASH. The treatment with PBA decreased the UPR and subsequent activation of JNK, reflecting a reduction in ER stress itself (Fig. 5) .
Oxidative stress and ER stress are thought to contribute to various kinds of liver injury but the relationship between oxidative stress and ER stress remains controversial; (13, 18, 26, 32, 33) not only can oxidative stress be a factor in ER stress, but also ER stress can induce oxidative stress via protein misfolding. (34, 35) In the present study, both oxidative stress and ER stress caused by EA plus fructose are reduced by PBA, which acts as a chemical chaperone (Fig. 4 and 5) . These findings indicate that ER stress is located upstream of oxidative stress in the present model.
The hepatotoxicity of saturated fatty acids has been reported in many studies. (36) (37) (38) (39) However, the effect of unsaturated trans-fatty acid on death of hepatocytes has not been clarified. Obara et al. (9) reported that trans-fatty acid at a very high concentration (18% of total calories) induced liver steatosis in mice. Our present study showed that EA at much lower concentration of 2% did not cause prominent hepatocyte death by itself; however, it enhanced hepatotoxicity at an otherwise non-hazardous dose of fructose. No previous reports refer to this interaction between a trans-fatty acid and fructose. Actually recent meta-analysis of healthy participants has reported that isocaloric exchange of fructose for other carbohydrates does not induce non-alcoholic fatty liver disease, which concluded that fructose itself was not toxic to liver. (40) Our present data suggests that the interaction of fructose with transfatty acid contributes to the development of NASH by increasing ER stress, even if intake of each factor is not excessive. Therefore, in the future, it will be necessary to evaluate each risk factor on the development of NASH as members of a pool of factors that may interact with each other.
In summary, exposure to fructose, even at low dose, may cause hepatotoxicity if trans-fatty acid is also present in the diet. We demonstrated that trans-fatty acid potentiates hepatocellular susceptibility to the stimulus, which causes ER stress-related liver steatosis and hepatocyte apoptosis, while treatment with PBA averted this response. This study suggests the possibility of a new treatment for NASH aimed at mitigating ER stress using a chemical chaperone. Fig. 6 . The effect of tert butyl hydroperoxide on necrotic cell death in primary cultured hepatocytes exposed to elaidic acid. Isolated hepatocytes were incubated in Waymouth's medium containing 10% FBS for 2 h followed by overnight exposure to 1 mM oleic acid or elaidic acid. Cells were then incubated in Krebs Ringer HEPES buffer supplemented with 30 μM propidium iodide (PI) for 30 min and exposed to 20 μM tert BuOOH (A, n = 4 *p<0.05 vs control and # p<0.05 vs oleic acid + tert BuOOH by ANOVA on ranks and Student Newman Keuls post hoc test). Some cells were treated with 3 mM 4 phenyl butyric acid (PBA) overnight after exposure to 1 mM elaidic acid for 6 h (B, n = 4 *p<0.05 vs control and # p<0.05 vs elaidic acid + tert BuOOH by ANOVA on ranks and Student Newman Keuls post hoc test). Fig. 7 . The effect of elaidic acid on ER stress markers in primary cultured hepatocytes. Isolated hepatocytes were incubated in Waymouth's medium containing 10% FBS for 2 h followed by exposure to 1 mM oleic acid or elaidic acid for 6-8 h, and some cells were treated with 3 mM 4 phenyl butyric acid (PBA) overnight. Expression of eIF2α, phosphorylated eIF2α (p eIF2α), GRP78 and GAPDH in hepatocytes was detected by western blotting. (A) The ratio of densitometric values for the specific bands corresponding to p eIF2α and eIF2α are plotted in arbitrary units normalized to the control. (B) The ratio of densitometrical values for the specific bands corresponding to GRP78 and GAPDH are plotted (n = 4, *p<0.05 by ANOVA on ranks and Student Newman Keuls post hoc test).
